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Accurate gaging of the amount of propellants i n  rocket tanks is 

often necessary if high performance and mission r e l i a b i l i t y  is t o  be 

obtained f o r  rocket systems. Gaging of propellants i n  vehicle tanks 

is required f o r  proper filling and propellant u t i l i za t ion ,  Quantity 

gaging is also required f o r  ground storage and research purposes. 

Gaging devices f o r  common rocket propellants have been developed t o  

a fairly high state of r e l i a b i l i t y  and accuracy, However, with the 

use of l iquid  hydrogen as  a propellant, new gaging problems which stem 

from hydrogen’s unique properties have arisen. 

A study has been conducted a t  the L e w i s  Research Center t o  evalu- 

ate various devices and techniques for  gaging l iqu id  hydrogen, The 

techniques studied included: 

force, radiation, and so2ar gages; we i ghing; f loa ts ;  ultrasonic switch; 

‘Ihot’l wire; and temperature rake, 

capacitance, pressure head, bouyant 

I 

A l l  the devices were analyzed and 

some of the sensors were teyted i n  l iquid hydrogen t o  gain experience 

in t h e i r  operation and problems, \ ./ 
i The study showed tha t  most gaging devices could be c l a s s i f i ed  
I 

J 

into two major groups: continusus-reading_tot_dl-content sensors and - 
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point sensorso Each group has a principal source of errors the mass 

of gas f o r  the total-content sensors am! saipling errors  f o r  the point 

sensors. The sensors i n  each group have essent ia l ly  the same inaccuracy 

ar is ing from the main e r ro r  source o f  t h a t  group. 

vealed tha t  of the sensors considered, the "hotrt wire point sensor w a s  

The study also re- 

best  f o r  tank f i l l i ng .  Sensors based on the nuclear radiation and sonar 

techniques considered showed relat ively l i t t l e  promise a t  t h i s  time f o r  

prac t ica l  reasons. The f l o a t  showed promise although i t s  applications 

cu are  limited, cu 
a7 
rl 
I w INTRODUCTION 

Upper stages of advanced chemical rockets such as the Saturn, Apollo, 

and Nova as well as nuclear rockets w i l l  be using l iqu id  hydrogen as a 

propellant. 

l eve l  gag ing  of t h i s  f lu id .  

As fo r  e a r l i e r  vehicles, there w i l l  be a need fo r  l iqu id  

Generally, l iqu id  l eve l  sensors are used t o  determine the l i qu id  

mass o r  head i n  tank f i l l i n g ,  holding, and propellant u t i l i za t ion  sys- 

tems, and also i n  inventory and research applications. The l a t t e r  two 

applications a re  so varied tha t  they w i l l  not be described further.  

f i l l i n g  and holding t o  a predetermined l iqu id  mass requires a flow con- 

Tank 

t r o l  system which i s  controlled by a Itliquid level" sensor. The sensor 

may be a continuous reading type o r  a rake of point sensors which is  

located i n  the v ic in i ty  of the required level.  Propellant u t i l i za t ion  

systems control the re la t ive  flows of the l iqu id  propellants so t ha t  

no propellant, ideally,  i s  l e f t  over a t  burnout, A "liquid level" 

sensing and control system monitors the l i qu id  mass i n  each tank during 

and 
i 
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outflow and corrects the re la t ive  propellant flows t o  obtain the desired 

resul t .  The l eve l  sensor may be ei ther  a continuous sensor o r  a rake of 

point sensors. 

Although some information on level gaging exists (ref. 1-4), l i t t l e  

information on l i qu id  leve l  gaging for hydrogen is  available. 

program w a s  s e t  up t o  study analytically and experimentally a number of 

common types and principles of l iquid l eve l  sensors f o r  hydrogen appli- 

cations. 

upon l e v e l  sensing accuracy. 

are not, in the main, compared i n  this paper. 

mercially available leve l  sensors i s  being performed by the cryogenic 

engineering laboratory of the National Bureau of Standards under an 

NASA contract. 

Thus, a 

The analyt ical  study stresses the e f fec t  of tank conditions 

Specific commercial designs and electronics 

Testing of specif ic  com- 

This paper w i l l  describe the resu l t s  of the NASA study which w a s  

based primarily on qual i ta t ive considerations i n  conjunction with some 

quantitative analysis and experience gained by the author from limited 

tes t ing  of commercial designs. 

the way they use the normally large difference i n  properties between 

the gas and l iqu id  phase i n  determining the l i qu id  mass contained in a 

tank and also according t o  the type of data output. 

cussion, the operating principles of the sensors considered w i l l  be 

described. 

p rac t i ca l i t y  a re  then discussed a f t e r  typical  tank  conditions during 

f i l l i n g  and propellant u t i l i za t ion  operations are  described. 

evaluation of sensors i s  made based on er ror  sourcesp pract ical i ty ,  and 

Sensors w i l l  be c lassi f ied according t o  

Following t h i s  dis-  

The factors  which a f f ec t  level gaging accuracy and sensor 

Finally, 



application ( f i l l ing ,  propellant u t i l i za t ion  and zero-gravity operation) 

both f o r  sensor types within t h e  same c lass  and fo r  the d i f fe ren t  classes 

of sensors, 

DESCRIPTION OF LIQUID LEVEL SENSORS 

General Classification 

There are many methods by which the l i qu id  mass contained i n  a tank 

might be gaged. 

of some property across the interface between the l i qu id  and the gas 

above it (e,g., l i qu id  density is normally much greater than gas den- 

s i ty)  * 

di rec t ly  o r  ind i rec t ly  the t o t a l  mass of f l u i d  in the tank. 

called point sensors, use the large property difference across the  inter-  

face d i rec t ly  t o  t r igger  an electronic c i r cu i t  and thus locate  the inter-  

face, 

property difference, 

A l l  of them dependupon the normally large difference 

Some l eve l  sensors, cal led total-content sensors, measure 

Others, 

Another group is able t o  "follown the interface because of t h i s  

It i s  possible t o  also classi fy sensors according t o  the i r  type of 

output data, 

sors  give and off-on (when i n  l iquid o r  in gas) type of output. 

continuous reading gages are  single sensors t ha t  sample the rtleveltr along 

the length of the tank, Usually a number of point reading sensors placed 

a t  d i f fe ren t  leve ls  i n  the form of a rake are required t o  deterxnine the 

l i qu id  mass. The continuous reading sensors continuously monitor the 

mass contained while the point sensor rake gives point indications of 

the interface location as it passes a sensorD filling and propellant 

Many give continuous lllevelm readings while the point sen- 

The 
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u t i l i za t ion  systems can use e i ther  scheme. 

cation, then, sensor types w i l l  be cataloged as: 

For the purposes of c l a s s i f i -  

1 8  Continuous-reading, total-content sensors, 

2. Continuous-reading, interface-following sensors. 

3, Point sensors. 

4, Miscellaneous sensors. 

A brief  description of the sensors considered will now be given on 

the basis of the above mentioned classif icat ion scheme, 

sensor w i l l  be described br ie f ly  with the a i d  of a schematic drawing of 

the pr inciple  of operation. 

is, the equation tha t  re la tes  the principal properties t o  the output sig- 

nal f o r  each sensor--is included fo r  reference in Appendix B. 

no derivation o r  description of the equations i s  given due t o  the lack of 

space, 

(Appendix A ) ,  

Each type of 

The approximate equation of operation--that 

However, 

The symbols used in  the equations a re  described i n  the nomenclature 

Continuous-Reading, Total-Content Sensors 

Pressure head (strain element or manometer type). - A d i f f e ren t i a l  

pressure transducer has i ts  ports connected t o  the top and bottom of the 

tank ( f ig ,  l a )  such t h a t  the pressure difference acting on it is essen- 

t ia l ly  the t o t a l  head of f l u i d  (gas and l iqu id)  in  the tank8 

scheme would be t o  replace the transducer by a column of another l i qu id  

which would then a c t  as a manometer (fig. l b ) .  The leve l  of t h i s  easier-  

to-gage l i qu id  i s  then measured t o  determine the head of the f l u i d  i n  the 

tank. 

obtained fo r  a given tank configuration, 

Another 

Thus, a continuous reading of head, and consequently mass, i s  



Capacitance. - The plates  of a capacitor (fig.  2 )  running the length 

The 

A s  the l e v e l  

of the tank are  pa r t ly  immersed i n  the l iqu id  contained ia the ta-ik. 

f l u i d  i n  the tank ac t s  as  the d ie lec t r ic  f o r  the capacitor. 

changes, the capacitance changes because the d i e l ec t r i c  constant of the 

l iqu id  is normally d i f fe ren t  than tha t  of the vapor. 

continuously measures the t o t a l  mass i n  the tank. 

Again, t h i s  device 

Bouyant force. - A non-floating bob i s  hung from a scale and immersed 

i n  the l iquid (fig.  3) .  

bob, as measured by the scale, decreases as more of the bob is  submerged 

because of the added bouyant force. 

tank can be continuously determined. 

As the leve l  rises, the apparent weight of the 

Thus, the weight of the f l u i d  in the 

Weighing. - Here the en t i r e  tank is  supported by a scale arrangement 

(fig, b), and one observes the difference between the reading and the 

tank-empty reading as the l iqu id  level  changes. 

the f l u i d  weight on board. 

This difference w i l l  be 

Radiation. - For one possible scheme, a beam of gamma rays i s  aimed 

toward a gamma detector (ionization chamber) a t  the top of the tank 

( f ig ,  5 ) .  
pend on the amount scat tered from the beam and therefore on the t o t a l  

mass of fluid through which the beam travels. 

of the contained mass can resul t .  

The amount of gamma radiation reaching the detector w i l l  de- 

A continuous indication 

Continuous-Reading, Interface-Following Sensors 

Float. - A f l o a t  w i l l  follow the interface because of the density 

difference across the interface. It now remains t o  sense the position 

of  the f l o a t  t o  provide a continuous reading of l i qu id  height and 

- 

\ 



therefore l iquid mass. 

res i s t ive  wires which are  pa r t  of  a pote,?+,iometer c i r c u i t  (f ig.  6). 

One method is t o  have the f l o a t  guided by ve r t i ca l  

Sonar. - For sensors employing sonar*a sound impulse i s  generally - 
directed upward through the l iquid from a transducer, such as  a piezo- 

e l ec t r i c  crystal ,  a t  the bottom of the tank (f ig ,  7). This impulse 

bounces off the interface because of the large property (density times 

speed of sound) difference across the interface and is  picked up again 

by the transmitting transducero 

ca l ly  measured and gives the l iqu id  head when multiplied by the speed of 

sound in the f luid.  

The t o t a l  time of t rave l  i s  electroni- 

Point-Reading Sensors 

Cr i t ica l  valued lfnulledlr continuous sensor, - One means of gett ing 

point data is t o  connect the output of a continuous-reading sensor t o  a 

bridge c i r cu i t  which is  nulled f o r  a par t icu lar  level .  Therefore, 

when the nul l  point i s  reached, the par t icular  l eve l  i s  located. For 

some applications, a number of nulls are programmed in to  the electronics 

t o  give digital .  l eve l  data, 

Critical valued "shortened" continuous sensora - If the length of a 

continuous gage is physically shortened, the sensor can be made t o  locate  

the interface since t h a t  is where the greatest  property change takes 

place. Thus a point sensor resul ts .  Usually, t h i s  type of sensor is a 

shortened capacitor o r  a f l o a t  switch. 

Ultrasonic switch. - This sensor is  effect ively a vibrating spring- 

mass system which i s  driven t o  osci l la te  by electromechanical means (fig.  8) . 
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Its electromechanical c i r cu i t  i s  normally tuned t o  near resonance in gas, 

Idher, the sensor eontaets l iquid,  i t s  motioii i s  dsiiped, Ths rzsii l t ing 

change i n  e l ec t r i ca l  impedance or potential  can actuate a relay, thus 

locating the interface ., 

"Hot" w i r e ,  - An e lec t r i ca l ly  heated wire w i l l  be much warmer  when 

surrounded by gas than by l iqu id  due t o  the large difference in the coef- 

f i c i e n t  of heat t ransfer  between the w i r e  and the two phases, The resis- 

tance of the wire will then be different  when i n  the gas compared t o  when 

it is  in the l iquid,  

e lectronic  sensing of the interface,  

sensor is shown in figure 9, 

This change can be used t o  operate a relay and a l l o w  

A schemetatic of a "hot" w i r e  point 

Miscellaneous - Temperature Rake 

In  essence the temperature rake consists of a group of point tempera- 

tu re  sensors, 

resul t ing temperature prof i le  and locating the interface a t  t h a t  l eve l  

which coincides w5th the saturation temperature, 

it is  possible t o  obtain the l i qu id  mass from a density prof i le  which 

can be determined from the temperature prof i le  and tank pressure., 

The interface location i s  determhed by p lo t t ing  the 

With t h i s  information, 

COMPARISON OF SENSORS 

Evaluating Factors 

Evaluation of the various sensors considered w i l l  be based on several  

considerations such as  the e f fec t  of tank conditions on accuracy, pract i -  

cal i ty ,  and appl icabi l i ty  t o  the various requirements of i n t e re s t  in 

l iqu id  hydrogen use., These evaluating factors  w i l l  now be discussed., 
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Any deviation from the correct amount of l iqu id  mass contained in a 

tank should be considered an error,  since on ly  propellant i n  the l iqu id  

form is  generally of use i n  rocket systems, 

w i l l  a f f ec t  the accuracy of a l iquid l e v e l  sensoro 

t o r s  w i l l  a f f ec t  one type of sensor more than another. 

order of 0.1 percent of f u l l  scale seem t o  be desired f o r  typ ica l  rocket 

propellant u t i l i za t ion  and f i l l i n g  systems. 

There are  m a n y  fac tors  which 

Further, these fac- 

Accuracies of the 

One source of inaccuracy is  the e r ror  due t o  the mass of gas which 

w i l l  occur in the reading of a l l  gages which sense the t o t a l  mass con- 

tained i n  a tank, 

error  which occurs i n  those sensors tha t  do not sample the en t i r e  l i qu id  

mass, Some examples of sampling error sources are: waves, splashing, 

tank dis tor t ion,  boiling and non-uniform boiling, density gradients, and 

uncertain sensor dimensions. 

w i l l  a l so  e f fec t  soBe sensors, accuracy, (the case of zero gravity i s  a 

special  case of t h i s  problem and w i l l  be discussed l a t e r ) ,  The time l ag  

e r ror  t ha t  r e su l t s  by slow sensor cooldown during a f i l l i n g  operation is 

a l s o  considered, 

Another major source of inaccuracy is the sampling 

The gravity f i e l d  or vehicle acceleration 

The p rac t i ca l i t y  of the  sensor must be considered i n  i t s  evaluation, 

Pract ical i ty ,  as  it is  used herein, is a catch-all term f o r  various 

e f fec t s  such as: state-of-the-art; weight of system; inherent e l ec t r i -  

c a l  problems; e f f ec t  of f l u i d  contamination; ease of servicing and check- 

out; shaping; safety t o  personnel; direct  e f fec t  of f low on reading; 

e f f e c t  of v5bration an reading; f l e x i b i l i t y  of missions; filling appli- 

cab i l i ty ;  and f l i g h t  applicabili ty.  Finally, appl icabi l i ty  f o r  the 



part icular  use or  tank condition such a s  f i l l i n g  and holding, propellant 

Before these factors  are discussed separately, it is desirable t o  

describe typical. tank conditions which occur cturing the f i l l i n g  and pro- 

pe l lan t  u t i l i za t ion  (PV) operations. 

Tank Conditions 

F i l l i ng  and holding, - Normally a tank is  f i l l e d  on the ground (a 

well known steady gravity f i e l d )  with the tank vented t o  atmosphere, 

Liquid i s  forced in to  the i n i t i a l l y  w a r m  tank through initially warm 

piping, Much liquid,  then, w i l l  gasify i n  the pipes causing f l u i d  t o  

enter the tank a t  a high velocity. 

splashing w i l l  normally occur i n  the tank because of t h i s  high velocity 

A grea t  deal of turbulence and 

entering j e t ,  The tank w a l l s  w i l l  normally be largely cooled by the 

time l iqu id  begins t o  co l lec t  at  the bottom, 

turbulence w i l l  subside some, with the greatest  decrease occurring when 

the f i l l  in le t  is submerged, 

will s t i l l  be a great  deal of turbulence, wavesp and boiling, although 

As the l eve l  rises, the 

Even when the tank i s  almost f i l l e d ,  there 

not nearly as severe as it was initially. These hydrodynamic distur- 

bances, of course, represent sources of a considerable sampling e r rore  

Although the tank w a l l s  w i l l  be largely cooled before l iqu id  s t r i k e s  

them, most l i qu id  l eve l  sensors are heavy with inadequate surface area 

and consequently w i l l  cool down much more slowly, When the l i qu id  s t r ikes  

these sensors, they w i l l  cool by f i l m  boiling, which w i l l  great ly  re ta rd  



proper phase indication unt i l  the sensor has cooled t o  nearly the tempera- 

b s e  of the 1LqzLd0 

During holding, l i qu id  i s  added t o  the tank t o  compensate f o r  t h a t  

which bo i l s  off. 

not as violent  as in  the f i l l i n g  case, 

but less severe than, the f i l l i n g  situation, 

Generally, the l iquid is in a turbulent state although 

Therefore, holding is similar to, 

Propellant u t i l i za t ion ,  - k i n g  operation of the propellant u t i l i -  

zation system, there will be outflow from the tanks under a varying gra- 

vity f ie ld .  Sloshing and splashing, set up by the motion of the rocket, 

w i l l  result in a non-placid interface. The tanks w i l l  normally be pres- 

surized t o  strengthen the tank structure and provide fo r  outflow or  to 

prevent pump cavitation. Pressurization and heat leak in a gravity f i e l d  

allows the-varying temperature and property gradients t o  form i n  the 

l i qu id  and gas volumes, A l l  the above fac tors  can consti tute sources 

of e r ro r  for  the propellant u t i l i za t ion  sensing system, 

tank not be pressurized suff ic ient ly  t o  stop boiling, which would be 

Should the 

the case when using a boiling l iquid pump, then e r rors  are  possible due 

to uncertain l i qu id  density caused by the bubbles in the l i qu id  volumee 

Comparison can now be made among the various sensors considered 

according t o  the e f f ec t  of e r ror  sources (mass of gas, sampling errors ,  

and gravity) on accuracy and the prac t ica l i ty  of the sensor, Where pos- 

sible ,  similar performance character is t ics  will be pointed out, 



Continuous-Reading Total-Content Sensors 

Mass of gas. - The continuous-reading total-content leve l  sensors 

(e.g,, preswiwe bed) secse the siiin of t i e  i iquid mass and mass of gas, 

Since only the measurement of l iquid mass i s  desired, the contribution 

of the mass of gas represents an error which will increase with increas- 

ing tank pressure o r  decreasing gas temperature and l i qu id  level. 

It can be shown t h a t  all continuous total-content gages exhibit  

nearly the same er ror  due to  the mass of gas if they are a l l  calibrated 

and used similarly in  hydrogen, 

f i l l e d  with saturated hydrogen vapor a t  atmospheric pressure, the e r ror  

For cal ibrat ion with the tank init ially 

can be given approximately by t h e  re la t ion 1 

where the bar refers  t o  spa t ia l  averages. Calculated var ia t ions of e r ror  

are shown i n  figure 10 f o r  several  average gas weight densi t ies ,  

a t  l e a s t  in theory, there i s  no advantage of one continuous total-content 

sensor over another when considering the e r ror  caused by the mass of gas, 

Therefore, 

Gravity error,  - The f l u i d  in a propellant tank may be influenced 

Many by gravity f i e l d s  ranging from zero to  greater  than one gravity, 

sensors do not read mass, but ra ther  read weight direct ly ,  Therefore 

t h e i r  readings are  subject t o  the varying acceleration of the rocket, 

1  his er ror  equation applies t o  all total. content sensors, 
except the capacitor, when used in other cryogenic f lu ids ,  
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O f  those continuous total-content sensors considered, only the  capaci- 

tance and radiation gages 're true mass gages m d  are, therefore, inde- 

pendent of gravity,, 

the gravity term and can therefore be used i n  varying acceleration fields, 

The pressure head manometer type gage cancels out 

In zero gravity only the true mass gages could give meaningful readings. 

I n  additisn, zero gravity presents a special  problem because of uncertain 

f l u i d  boundaries and l iqu id  cohesion t o  the sensor elements, 

be discussed fur ther  in a l a t e r  section on applications, 

T h i s  w i l l  

Sampling error ,  - Most '91iquid level" gages sense the l i q u i d  mass 

Th%s loca l  reading may not be indicative of the total l i qu id  local ly ,  

mass contained, resul t ing i n  a sampling errore  

with t h e i r  source are l i s t e d  b l o w :  

Probable sampling errors  

1, Inter fac ia l  sampling errors. - Basically, the source 'of 

these e r rors  are waves, which cause fluctuations in the reading of the 

l o c a l l y  sampling sensoro Sources of these sampling er rors  are:: slosh- 

ing, turbulence caused by o u t f l ~ w ~  and boiling. 

2, F'luid volume density sampling errors. - These e r ro r s  are 

caused by the variat ion of the average density sampled loca l ly  by the 

sensor compared t o  the true whole-tank average density, 

are described below: 

Some examples 

EL, Density gradients, - These f o m i n  the v e r t i c a l  and 

radial directions &ring tank pressurization, 

be Spat,faUy ncn-uniform boiling, - This occurs when an 

i n t e rna l  sensor ~ 0 0 % ~  by bokling heat t ransfer ,  In t h i s  case the 



average f l u i d  density surrounding the probe could be much less than the 

tank average. T h i s  is very h p o r t a n t  d a r h g  a fiL1b.g eperatPon. 

c o  Uniform boiling, - Uniform boiling must be considered 

because it raises the l iqu id  level. as it lowers the bulk l i qu id  density, 

de Splashing. - Splashing sbi lar ly  e f f ec t s  the gas volume 

i n  t h a t  it raises the average density i n  the gas, and more fnportant, 

splashed drops contact and adhere t o  the sensor causing a possible error ,  

3* Sensor and tank distortion. - Tank pressure and f l u i d  tempera- 

ture changes can change tank and/or sensor dimensions and loeat ion thus 

affect ing the  accuracy sf many sensorsa 

The r e l a t i v e  effect of these internal  sampling e r ro r s  on instrument 

accuracy is portrayed i n  Table 12. 

Weighing by nature is not sensit ive t o  any of the internal samplfnag 

er rors  mentioned in the  previous paragraph, but ra ther  has i t s  own set 

of sampling e r ro r s  which are external to the tank, Some examples are:: 

snow, ice ,  and l iqu id  air  formation on the tank w a l l s ;  m b f l i e a l s j  and 

wind and rain forceso 

Prac t ica l i ty ,  - Perhaps the most e f f i c i e n t  way t o  handle t h i s  fac- 

tor is t o  compare the total-content sensors i n  a self-explanatory chart 

(Table 11) on the  basis  of the var%ous p r a c t i c a l i t y  items previously 

l i s t e d ,  Pertinent remarks ape also included in %he t ab le  f o r  fur ther  

c la r i f ica t ion ,  

* The l e t t e r  grades Pn %J9 tables are not  t o  be considered as absolute 
They are meaningful only in the  r e l a t ive  comparison of senwrs  fo r  values, 

a p a r t f m l a r  item. 



0 

Continuous-Reading 
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Interface Followers 

A departure f r o m  the fsffmat us& is ths previous discussion is 

required fo r  t h i s  c lass  of sensors, Neither the sonar technique nor 

the f l o a t  w i l l  require a detai led discussion of e r rors  since there are 

cer tain overriding characte~istics t o  be considered, 

Both sensors are only s l igh t ly  affected by mass of gas e r rors  ex- 

cept near the thermodynamic c r i t i c a l  point, When thermodynamic c r i t i c a l  

point is approached, neither sensor can follow the interface. T h i s  hap- 

pens because the property difference a t  the interface t h a t  they rely on 

for operation dissappears at  t h i s  condition, 

by the gravity f i e l d  as such, 

Neither device is affected 

The previous paragraph discussed similarities in sensor behavior; 

important differences exist, however., 

discuss the sensors separately, 

It is therefore be t te r  t o  now 

Sonar, - To date a continuous reading sonar l e v e l  sensor f o r  l i qu id  
_I 

hydrogen has not been developed because the sound impulse returning tQ 

the transducer has not been of suff ic ient  magnitude t o  operate the thing 

c i rcu i t .  This occurs because of any or a l l  of the reasons s ta ted  below, 

1, The dispersion of sound energy i s  normally high and is 

in tens i f ied  by bubbles in the liquid and/or a rough interface,  

2. It is  dif'fimlt ?x match the  impedance of the sound trans- 

ducer t o  l iqu id  hydrogen, 

3., The sound t r m s h c e r  is generally a piezoelectric crystal, 

which may lose its piezoelectric qual i ty  a t  hydrogen temperature, 



Float. - A f l o a t  must be a sealed volume since a vented one may f i l l  

up and sink because of btmmal condensation and/or the usual problems of 

a "boat on a rough sea," It i s  d i f f icu l t  t o  build a sealed f l o a t  strong 

enough t o  withstand high external pressure and s t i l l  f l o a t  in l iqu id  hydro- 

gen, The maximum pressure t h a t  a sealed spherical. aluminum f l o a t  can 

stand as a function of f l o a t  radius and llcarrylt weight f o r  a prac t ica l  

design safety fac tor  of 3 is  i l l u s t r a t ed  i n  figure 11. 

t h a t  the maximum allowable pressure is  l imited by the volume f rac t ion  

submerged which should be about = f o r  best accuracy. Furthermore, 

any load carr ied by the f l o a t  (W,) w i l l  dictate  a r e l a t ive ly  la rge  mini- 

mum f l o a t  size,  

much of the interface disturbances, 

be pre-cooled by the l iqu id  a t  the beginning of i t s  travel.  

however, there is apparently no commercial f l o a t  available f o r  hydrogen, 

In sp i t e  of the f l o a t ' s  l imitations,  i t s  apparent simplicity and low cost  

make it a t t r ac t ive  except in applications where very high pressures are 

encountered,, 

- 

The f igure  shows 

The f loa t ,  being necessarily large, w i l l  average out 

Also a continuous reading f l o a t  w i l l  

Unfortunately, 

Point Sensors 

Interface detection, - A l l  point sensors are on-off devices which 

locate  the  hterface by sensing a large change in some property across 

it (AT, f i g ,  12) .  For example the s ignif icant  property f o r  an ul t ra -  

sonic switch is  the product of l iquid density and speed of sound (x= @" 
The point  sensor's electronics are adjusted so t ha t  the switching band 

( t h a t  is, the change in  magnitude of the s ignif icant  property asw 



required by the sensor t o  change i t s  phase indication) remains w i t h i n  the  

b e n d s  of %he 2roperty change across the interface &. Since it i s  dif- 

f icul t  t o  make AY-,~ zero i n  an operation unit ,  in terface location a t  

high pressure could be d i f f i cu l t ,  This occurs because the in t e r f ac i a l  

property change AX gets  smaller as the  thermodynamic c r i t i c a l  point 

is approached (A%-+ 0 )  and the bounds of gsw may f a l l  outside of A$ 

resul t ing in some possible e r ror  in interface location detection 6 

(fig. 12) .  

Sampling errors ,  - Point sensors, as t h e i r  name implies, sample a 

point in space and are therefore very sensi t ive t o  sampling e r ror  (types 

of sampling error are discussed on pages 13 and a). 
t he i r  main e r ror  sourceo 

about equally affected by t h i s  e r ror  source. 

Indeed t h i s  is 

It should be noted t h a t  all point sensors a re  

An ordinary s t i l l w e l l  can be employed t o  i s o l a t e  the point sensor 

from some of the sampling errors, namely the interface wave disturbances, 

and reduce the poten t ia l  e r ror  from t h i s  source. 

apossible  s t i l l w e l l  configuration i s  given i n  f igure 13. 

sor  is placed inside the s t i l lwel l ,  which can be described as a volume, 

usually cylindrical ,  t h a t  is hydraulically connected t o  the tank by some 

res t r ic t ion ,  

of an open pipe, o r  large, as i n  the case of small orFffces with a closed 

pipe bottom, Orifices and a closed bottom and top (fig,  13) could be 

used so t h a t  bubbles and splashed droplets cannot enter  inside the still- 

w e l l ,  

s t i l l w e l l  as a function of immersed depth is given by figure lko 

A schematic diagram of  

The pint sen- 

The r e s t r i c t ion  might be essent ia l ly  zero, as in the case 

An indication of the wave suppression a b i l i t y  of a simple open-tube 

The 



figure indicates t h a t  the bottom hydraulic connection of the s t i l lwel l  

should be as deep a-c1 pcrssfble, and that  short  waTe 19ngt;h waves w e  the 

eas ies t  t o  suppress, 

be used t o  suppress disturbances, 

lyze and can cause a leve l  l a g  during a l e v e l  change because they repre- 

sent a Large r e s t r i c t ion  t o  flow, 

It should be noted t h a t  s m a l l  o r i f i ce s  can also 

However, they are d i f f i c u l t  t o  ana- 

Generally it i s  desirable t o  achieve max imum disturbance suppres- 

sion with a minimum l e v e l  lag, 

as  a function of the interface velocity f o r  various or i f ices  and still- 

well pipe dimensions is plot ted i n  figure 1Se The f igure clear ly  shows 

tha t  o r i f i ce s  cause fa r  larger  leve l  l a g  e r rors  than open pipes f o r  

reasonable dimensions. 

closed end (the l a t t e r  two are needed t o  block the entry of bubbles) 

is the desired configuration, 

space l imitations,  then re la t ive ly  mall or i f i ce s  must be used f o r  dis-  

turbance suppression, T h i s  d l  cause the penally of s ignif icant  level 

l a g  w i t h  changing level ,  

An indication of the l eve l  l ag  error  

A long s t i l lwe l l  with large o r i f i ce s  and a 

If a short  s t i l l w e l l  i s  required due t o  

Generally a p o h t  sensor system is used t o  supply l iqu id  mass 

information. 

average l iqu id  density must be provided before l i qu id  mass data is 

possible. If the bulk l i qu id  density i s  sampled or  provided f o r  a 

non-boiling l iquid,  an er ror  w i l l  occur because of l i qu id  density gra- 

dients, 

low hea t  leak, rapid outflow w a s  0,s per cent or l e s s  f o r  tank pressures 

not exceeding 100 ps i a  in a s m a l l  research f a c i l i t y ,  

However, since they basically provide l iqu id  height data, Cka, 

The l iqu id  mass error  which occurs during a constant pressure, 

If the heat flux 
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is  high enough so t h a t  boil ing exists, then a different  e r ror  w i l l  result 

due t o  the bubbles vhich lower the aFparent densfty. Errcjrs due t o  boil- 

ing of the order of one per cent have been measured in  the same f a c i l i t y ,  

Switching t h e  lag, - Switching time can be another major d i f f i cu l ty  

of point sensors during f i l l i n g  and outflow operations. Switching time 

is the time required f o r  a point sensor t o  change i t s  phase indication, 

During outflow most point sensors will exhibit  very short  switching times 

with the  exception of a physically large lthotn wire. 

t h i s  device, which must run off and/or vaporize before the gas phase can 

Liquid clings t o  

be sensed, 

exhibited a 5 second switching time lag during outflow. 

For example, a commonly used carbon r e s i s to r  sthot*' wire has 

Another switching time problem occurs during f i l l i n g  when a warm 

Film boiling occurs and the sensor sensor is immersed in the liquid. 

becomes enveloped by gas. 

the sensor cools down t o  nearly the l iquid temperature. 

This prevents proper phase indication unt i l  

This cooldown 

time, t h a t  is the time u n t i l  film boiling ceases, can be approximated f o r  

most sensors by figure 16. The figure shows t h a t  the i n i t i a l  and final 

temperatures have l i t t l e  e f f ec t  on the c o o l d m  time compared t o  the - 
effect  of the cooldown parameter Tz) , Clearly a sensor with low 

weight per unit surface area (-) i s  required fo r  f i l l i n g  since 
- 

Wm Crn - 
AS k4 

cannot be changed much, 

The cooldown of a s t i l l w e l l  must a l s o  be considered because the 

bubbles produced inside the s t i l l w e l l  w i l l  cause large sampling errors ,  

Wm 
AS 

It, too, must have a low - . .The approximate range of values of 



f o r  a large number of commercially available sensors (ultrasonic switches, 

capacitive switches, opt ical  sensors, and "hot" wires) i s  p lo t ted  on fig- 

ure 16. 

darn times i n  comparison t o  one developed a t  the NASA Lewis Research Center3. 

The shortcoming of the commercial "hot" wires is due t o  the massive still- 

wells used in t h e i r  design, 

s t i l l w e l l  systems can be designed which w i l l  cool rapidly. 

Even the commercial "hotrt wire point sensors have excessive cool- 

NASA experience indicates t h a t  '*hotrr wire - 
Most tanks are f i l l e d  through long l i nes  which are init ially warmo 

Therefore, a great deal of cold gas is  f i r s t  passed in to  the tank, which 

may p a r t i a l l y  pre-cool the leve l  sensor and s t i l l w e l l  before l iqu id  s t r ikes  

it. 

minimized. 

If sufficient pre-cooling occurs, the cooldown problem w i l l  be 

Pract ical i ty .  - Comparison of the lthotrt wire, ult rasonic  and shortened 

and nulled continuous sensors along practical. l i nes  i s  again done in chart  

form (Table 111). 

I1 and I11 are not necessarily comparable, 

The reader i s  again cautioned t h a t  the ra t ings  of Tables 

Miscellaneous - Temperature Rake 

L i t t l e  time need be consumed by a discussion of the temperature rake, 

It is far more costly, heavy, and complicated than other sensors con- 

sidered. 

obtained i n  any direct mannero 

Most important, a " l iquid level" indication cannot be eas i ly  

The rake supplies a temperature p ro f i l e  

3'!l!he author developed a nhottf wire s t i l lwel l  system f o r  hydrogen ser- 
vice which could be dunked, i n i t i a l l y  warm (room temperature), into a violent  
cryogenic f l u i d  and s t i l l  give a rapid phase change indication. 
because the s t i l lwel l  l i qu id  remained essent ia l ly  quiet  and non-boiling. 

This occurs 



from which the l i qu id  leve l  can be determined as a llby-productll from know- 

ledge of the  saturation temperature. This methed is  spprcxhate  be- 

cause l i qu id  superheating generally ex is t s  and normal cryogenic temperature 

sensors have long thermal time lags when they are moved from l iqu id  t o  gas. 

The major application of t h i s  device should remain in research, 

Applications 

A s  a final point in the comparison of sensors, cer ta in  generaliza- 

t ions can be made regarding the  appl icabi l i ty  of sensors f o r  filling, 

propellant u t i l i za t ion  and zero gravity applications. 

t h i s  discussion w i l l  be directed toward choosing the most promising 

sensors f o r  these missions. 

The in t en t  of 

Tank filling. - The overriding f i l l i n g  problem i s  the sensor cool- 

Of the  sensors discussed herein, only rrhotvv w i r e  point sen- down time. 

sors, and possibly the f loa t ,  w i l l  cool down rapidly enough t o  be sa t i s -  

factory f o r  f i l l i n g ,  

by the cooldown problem, 

prove very expensive, 

with a carefully designed st i l lwell  (it too must cool rapidly) a s  the 

apparent best  choice, with the f l o a t  a cheaper bu5 more l imited substi-  

tute. If fixed cost  i s  no problem, then weighing should be considered, 

Weighing is also considered since it is not affected 

However, weighing f o r  a large rocket vehicle may 

This leaves the  llhottl w i r e  in the form of a rake 

Propellant u t i l i za t ion .  - The interface-following sensors mentioned 

herein and the temperature rake can be immediately eliminated f o r  prac- 

t i c a l  reasons which were discussed previouslyo 

between the continuous total-content sensors and the p o k t  sensors. 

This leaves a choice 
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h m t h e  continuous sensors, the gamma radiation gage considered can be 

eliminated f o r  prac t ica l  reasons, as can the weighing scheme, Likewise? 

the bouyant force and pressure head-strain element need not be fur ther  

considered mainly because they are bulky or affected by gravi ty  forces, 

From the continuous-reading sensors the capacitance and the pressure head 

manometer type continuous sensors remain. O f  the point sensors consi- 

dered, the ul t rasonic  switch and tthotlr wire appear best  with the ultra- 

sonic switch showing a s l i g h t  advantage, 

There is some evidence t o  show tha t  a continuous sensor system can 

be somewhat more accurate than a point sensor system f o r  propellant 

u t i l i za t ion ,  However, for  now, it is probably be t te r  t o  report  t h a t  

continuous and point sensing systems are approxknately competitive f o r  

propellant u t i l i za t ion  applications. 

Zero gravity, - This topic has been separated from the  rest of the 

discussion since it is  a subject of special  i n t e re s t  by i tself .  It is 

known t h a t  a t  l e a s t  a t h in  layer of l iqu id  w i l l  cohere t o  an unheated 

sensor in a only l iquid regardless of the surrounding 

phase, The ultrasonic switch might be excepted here s h c e  a th in  film 

may a c t  only as  a clinging mass t o  its vibrating system and possibly not 

disrupt  the required acoustic impedance d i f fe ren t  f o r  phase indication. 

This exception might a l so  hold f o r  the tlhottt wire because it could Itburn 

off t t  the  film of l i qu id  as it i s  formed. 

d i f f i c u l t y  i n  determining the l iqu id  mass due t o  the not too well defined 

A l l  sensors will have great 

l i qu id  boundaries t h a t  e x i s t  a t  zero and near zero gravity. Point sensors 
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and interface followers are both far more subject t o  serious sampling 

errors  under these conditions than the total-content sensors, 

CONCLUDING FUBURKS 

A number of generalizations or conclusions can be s ta ted  from this 

studyh: 

1, The continuous-reading total-content sensors have essent ia l ly  

the same inaccuracy from t he i r  m a i n  e r ror  source considered, the mass of 

gas. This w i l l  be helpful i n  considering other sensors which f a l l  in t h i s  

class,  f o r  they too will have the same inaccuracy due t o  the mass of gas 

under the same conditions. 

2. A l l  point sensors apparently locate  the interface with nearly 

equal accuracy, since they are essent ia l ly  equally affected by sampling 

errors  which is  t h e i r  m a i n  error source considered. 

3. Of the sensors considered certain ones seem best  suited, a t  

t h i s  time, f o r  par t icular  applications. 

sure head-manometer type, capacitance Systems, and "hot" wire and ultra- 

sonic switch point sensor systems are competitive, 

wire point sensor seems best  followed by weighing and the  float ira order 

of value. 

uses 

For propellant u t i l i za t ion ,  pres- 

For filling, the ''hottt 

A special  configuration capacitor i s  indicated f o r  zero-gravity 

It must be remembered tha t  t h i s  study w a s  not aimed a t  analyzing 
sensor electronics o r  specif ic  commercial products, but ra ther  types of 
sensors, It i s  very probable t h a t  one manufacturer's product i s  be t t e r  
than another w i t h i n  the same c lass  by v i r tue  of a be t te r  design (probe 
and electronics).  Furthermore it i s  possible t o  "desigrl out" cer ta in  
inherent f a u l t s  in a par t icular  sensor. 
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APPENDIX A 

NOMENCLATURE 

cross sectional area of "bob", sq  f t  

cross sectional area of the beam of radiation, sq f t  

surface area,  s q  f t  

cross sectional area of the tank, sq f t  

configuration constant fo r  the capacitor, p f / f t  

effective capacitance, pf 

o r i f i ce  coeff ic ient  

speed of sound, f t /sec 

spec i f ic  heat of the  material, Btu/( l b )  (OR) 

s t i l l w e l l  e f fec t ive  diameter, f t  

tank diameter, f t  

diameter of "bob", or  o r i f i ce  diameter, f t  

output signal , vol t s  

out put s ignal  excluding t h e  calibration contribution 

modulus of e l a s t i c i t y ,  lb/sq i n .  

f r i c t i o n  force,  l b  

fanning f r i c t i o n  factor  

a capacitor constant which depends on the f l u i d  

acceleration of gravity, f t /sec 

32.2 f t /sec2 

surface coeff ic ient  of heat t ransfer ,  Btu/sq f t ( h r ) (  OR) 

l i qu id  l eve l  o r  immersion depth, f t  

l eve l  lag,  f t  

l i qu id  l eve l  of manometer f lu id ,  f t  
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hS 

Io  
i 

K 

X or 3c' 

L 

M' 

N 

n 

n' 

P 

AP 

Q 

OR 

'f 

Sf 

Ti 

Tcu 

v 

'm 

WC 

X 

x 
% 
Z 

immersion depth of a s t i l l  w e l l ,  f t  

in tens i ty  of radiation with no attenuation, par t ic le / (  s q  f t )  ( sec)  

ionization gage output, amp 

d ie l ec t r i c  constant 

transducer constant, open uni t s  

length of tank or  sensor length, f t  

mechanical advantage 

percent cooldown, Ii - .98 

number of s t i l l  well o r i f ices  

intergers  0, 1, 2, 3, e tc .  

pressure, lb/sq in.. abs 

pressure difference 

see f igure  11 

degrees Rankine 

f l o a t  radius, in. 

design safety f ac to r  

i n i t i a l  temperature, OR 

bulk f l u i d  temperature, OR 

interface velocity, in./sec 

sensor o r  material weight, lb 

carry weight, that part of t he  t o t a l  f l o a t  weight which is  

not t he  sphere, lb 

an overa l l  weight o r  force contribution due t o  pipes, embilicals, 

ice ,  snow, rain,  flow, and wind, e t c .  

s ign i f icant  property 

s ign i f icant  property switching value 

v e r t i c a l  component, f t  



P* 

Y 

6 

VfS 

A 

P* 

PP 

5 

P 

4? 

A?+ 

on - G O  - 
r a t i o  of wave amplitude inside s t i l l w e l l  t o  that outside it 

s igni f ies  g a m  radiation 

l eve l  e r ror  due t o  property gradient f o r  point sensors 

e r ror  percent f u l l  scale  

wave length, f t  

mass s c a t t e r  coeff ic ient ,  sq f t / s ec  

Poisson's r a t i o  

f rac t ion  of t o t a l  volume of a f l o a t  submerged 

mass density, slugs/cu ft  

cooldown time f o r  sensors, sec 

r ing time of sound pulse, sec 

Subscripts : 

CAL evaluated a t  the  cal ibrate  condition 

g gas 

1 l iqu id  

m so l id  material  or  manometer f l u i d  

0 no attenuation 

Superscripts : 
- 

property averaged spa t ia l ly  
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APPENDIX B 

EQUATIONS OF OPERATION 

The equations l i s t e d  below describe the  re la t ion  between the output 

of a sensor and the f lu id  properties and amount of f l u i d  s ignal  E 

contained i n  the  tank. The equations a r e  approximate and are included 

only f o r  the  reader’s be t t e r  mderstanding of t he  operating principles 

involved. 

avoided i n  the  in te res t  of brevity.  

Derivations and lengthy explanations of the  equations a re  

Continuous Total-Content Sensors 

A l l  sensors of t h i s  class a re  calibrated i n  a tank f i l l e d  with 

saturated vapor a t  atmospheric pressure. 

Pressure head sensor ( f i g .  1) 

1. St ra in  Element - E’  = XIAp 

Capacitance sensor ( f i g .  2) - 
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f o r  hydrogen: 

Bouyant force sensor ( f i g .  3) - - 

E 2 X $ l ' b h  ApZg dz + APgg dz - (JL APgg 3- 
- 

Weighinq ( f i g .  4 )  - - 

Radiation sensor ( f i g .  5) - 
- p*P dz 

E '  a i; i = X&AbIo exp 

Continuous-Interface Followers 

Float ( f i g .  6 )  - E a h  

Sonar ( f ig .  7) E' a h - 

Point Sensors 

Ultrasonic switch ( f i g .  8)  

m)across  
interface 

Hot w i r e  ( f i g .  9) 
F 1 

m) a c r  os s 
interface 
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TABU 11. - PRACTICALITY OF CONTINUOUS READING TOTAL CONTENT 
SENSORS FOR SERVICE I N  LIQUID HYDROGEN 

'res- 
ure 
lead 
, t r a i n  
ele- 
ment 

P r e s -  
sur  e 
head 
manom- 
e t e r  

Teigh- 
ing 

Legend: iapaci- 
tance 

- Clearly superior 
! - Intermediate value 
- Clearly infer ior  - Not recommended 

' - Not enough information 

I 

1 

2 

3 

4 

5 

6 

7 

8 

9 

- 
10 

11 

12 

2 3 5 Remarks 

The radiat ion gage has not 
been successfully devel- 
oped for  LH2 i n  s p i t e  of 
large e f for t .  

large.  
;ensor 5 i s  necessarily 

1 

A A A A 3tate-of-the-art 

deight of system A A C D 

- 
C A A ;ensor 3 has major d i f f i -  

cu l t i e s  with stray cap- 
citance - 

C Inherent elec- 
t r i c a l  
problems 

Effect of f l u i d  
c npt .am i ns t; i ~ n  

A A D A :ontamination could a f f e c t  
a capacitor markeiiiy 

A A C A Ease of servic- 
ing and check- 
out 

Shaping 

jensors have ac t ive  ele- 
ments external t o  the 
tank 

'A" sensors can be mechani- 
ca l ly  shaped t o  compen- 
sa t e  for tank shape 

C C A C 

A A A A Safety t o  
personnel 

Direct e f f e c t  
of flow on 
reading 

L l icense i s  needed t o  . 
operate sensor 6 

jensors 1, 2 ,  4, and 5 r e -  
quire a careful  design 
f o r  accurate sensing 
during flow operation 

D D A C 

__I 

D 
I- 

C Effect of  vibra- 
t i o n  on 
reading 

m i s s  ions 
F lex ib i l i ty  of 

A A jensors 2,  4, and 5 are 
weight systems and there- 
fore  subject t o  vibrat ion 

D C jensors 4 and 5 can only be 
used i n  s t a t i c  s i tuat ions,  
while item 6 is not devel- 
oped 

;ensors 1 t o  4 would re-  
quire pr ior  gas cooldown 

jensors 4 and 5 a re  c lear ly  
f o r  ground use. Item 2 
needs accelerometer 

A Fi l l ing  

Flight 

app l i cab i l i t y  

app l i cab i l i t y  

D D 

A C F 
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Figure 2.  - Schematic of a capacitance l iqu id  l eve l  gage. 
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Figure 3. - Schematic of a bouyant force liquid l eve l  gage. 
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